Combining the absorption-based photoacoustic effect and intensity-dependent photobleaching effect, we demonstrate a simple method for super-resolution photoacoustic imaging of both fluorescent and non-fluorescent samples. Our method is based on a double-excitation process, where the first excitation pulse partially and inhomogeneously bleaches the molecules in the diffraction-limited excitation volume, thus biasing the signal contributions from a second excitation pulse striking the same region. By scanning the excitation beam, we performed three-dimensional sub-diffraction imaging of varied fluorescent and non-fluorescent species. A lateral resolution of 80 nm and an axial resolution of 370 nm have been demonstrated. This technique has the potential to enable label-free super-resolution imaging, and can be transferred to other optical imaging modalities or combined with other super-resolution methods.
INTRODUCTION
Diffraction has long limited optical microscopy to a lateral resolution of ~200 nm, leaving the observation of ultrastructural cellular features to electron microscopy. In recent years, super-resolution optical microcopy has broken the diffraction limit, enabling numerous observations of previously unresolvable cellular structures and processes at the level of tens of nanometers [1] [2] [3] [4] . However, relying on the emission nonlinearity of fluorophores, most of the existing superresolution techniques perform only fluorescence imaging [5] [6] [7] [8] .
In the method we describe here, the resolution enhancement is based on the excitation nonlinearity of the photobleaching effect, a common phenomenon in optical imaging which is otherwise regarded as harmful [9, 10] . The photobleaching effect depends strongly on the excitation intensity, which enables super-resolution imaging by spatially trimming the excitation volume to a sub-diffraction size [11] [12] [13] . Photoacoustic (PA) imaging, which acoustically probes optical absorption contrast in biological tissue, can potentially image all molecules [14] . The combination of the photobleaching effect and photoacoustic imaging can potentially achieve super-resolution imaging over a wide-range of species.
METHODS
The principle of our photo-bleaching-based photo-imprint photoacoustic microscopy (PI-PAM) is illustrated in Fig. 1 [15] . When a Gaussian-shape diffraction-limited excitation laser spot strikes on densely distributed absorbers, the absorbers are inhomogeneously bleached, depending on the local excitation intensity (Fig. 1a) . The absorption reduction in the center of the excitation spot is greater than that in the periphery (Fig. 1b) . As a result, when the second pulse excites the same region, the center portion contributes less to the second PA signal than the periphery. The difference between the two PA signals incorporates the absorption reduction distribution (Fig. 1c) , sharpening the center of the focus. 
RESULTS

Sub-diffraction lateral resolution of PI-PAM
A sharp blade edge coated with hemoglobin was imaged at 532 nm, and the corresponding line spread function was fitted to compute the lateral resolution [15] . With an objective NA of 1.4, conventional PAM achieved a lateral resolution of 200 nm, in agreement with the diffraction limit (Fig. 2a) . By contrast, PI-PAM achieved a sub-diffraction lateral resolution of 120 nm, a 1.7-fold improvement. Different materials have different power dependence of bleaching rate and thus different lateral resolution enhancement (Fig. 2b) . 
Optical sectioning of PI-PAM
The nonlinear nature of the PI-PAM signal enables optical sectioning. Compared with the in-focus absorbers, the out-offocus absorbers are bleached less (Fig. 3a) . Therefore, the differential signal effectively blocks the out-of-focus contributions and provides optical sectioning for PI-PAM. We quantified the sectioning by using a ~150 nm layer of dried hemoglobin (Fig. 3b) . The FWHM of the signal profile suggests a sectioning capability of 370 nm after deconvolution with the absorption profile of the sample, close to the expected value (320 nm). 
PI-PAM of non-fluorescent and fluorescent samples
We demonstrate the super-resolution imaging capability of PI-PAM on both non-fluorescent and fluorescent samples (Fig. 4) . We first compared conventional PAM and PI-PAM images of 150-nm-diameter gold nanoparticles. Two closely located nanoparticles, 270 nm apart, were clearly resolved by PI-PAM but barely resolved by conventional PAM (Fig.  4a) . Deconvolution of the line profile using the Gaussian approximation results in an effective lateral resolution of 80 nm for PI-PAM. The donut shape of the red blood cells can also be much better resolved with PI-PAM (Fig. 4b) . We then applied PI-PAM to sub-diffraction imaging of live rose petal epidermal cells at 570 nm. Pink anthocyanins in cell vacuoles provided the absorption contrast for PA imaging, and they are also commonly used for fluorescence imaging (Fig. 4c) . Compared with the conventional PAM images, the PI-PAM images greatly block the out-of-focus signals and sharpen the in-focus signals (Fig. 4c) . With z-scanning, PI-PAM has achieved three-dimensional subdiffraction resolution.
CONCLUSIONS AND DISCUSSION
In summary, we have demonstrated three-dimensional sub-diffraction photoacoustic imaging by using the photobleaching effect which is otherwise regarded harmful. The resolution enhancement is attained without complicating the imaging system or relying on specially designed contrast agents.
We note that PI-PAM can be applied to virtually all materials commonly used in biological studies, since photobleaching is a very common phenomenon [16] . If permanent photobleaching is a concern, the dynamics of photoswitchable chromophores can be used instead. Further, the same principle of PI-PAM can be readily transferred to fluorescence microscopy [11, 17, 18] . Since the resolution enhancement gained by the photobleaching effect is complementary to other super-resolution mechanisms and it does not require modification to the existing systems, the principle of PI-PAM can be incorporated into other super-resolution methods to further improve their resolving powers [8, 19, 20] . These merits collectively suggest that PI-PAM holds great potential for broad applications in both fundamental biological study and clinical practice.
